The ternary stannides RE 3 Ru 4 Sn 13 (RE = La, Ce, Pr, Nd) were obtained by arc-melting of the elements. The polycrystalline samples were characterized by powder X-ray diffraction. The structures of three compounds were refined from single-crystal diffractometer data: Yb 3 Rh 4 Sn 13 type, Pm3n, a = 977.74 (3) 
Introduction
Filled skutterudites RET 4 Pn 12 (RE = rare earth element, T = transition metal; Pn = pnictide) have been in the focus of solid-state research for thirty years. They exhibt highly interesting physical properties such as ferromagnetism, superconductivity, Kondo insulator or non-Fermi liquid behavior, or heavy-fermion states. Most of the recent systematic research on such skutterudites focused on their excellent thermoelectric properties. For an overview we refer to a review article by Sales [1] . The use of the materials for thermoelectric applications is directly related to a structural peculiarity. The rare earth atoms fill larger cages (Wyckoff site 2a) within a network of condensed, tilted T Pn 6/2 octahedra and show enhanced displacement parameters (rattling of the rare earth atoms) which strongly reduces the thermal conductivity.
Similar structural features occur in the structure types LaRuSn 3 [2] and Yb 3 Rh 4 Sn 13 [3] . The two structure types, space groups Pm3n, just differ in the occupancy of the 2a Wyckoff sites, i. e. rare earth atoms in the LaRuSn 3 but tin atoms in the Yb 3 Rh 4 Sn 13 type. The transition metal atoms have trigonal prismatic tin coordination and one observes a three-0932-0776 / 11 / 0700-0664 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com dimensional network of condensed, tilted T Sn 6/2 trigonal prisms. As an example we present the structures of LaFe 4 P 12 [4] , LaRuSn 3 [2] and La 3 Ru 4 Sn 13 (described herein) in Fig. 1 . The rattling of the rare earth atoms in the networks of condensed trigonal prisms has first been described for the series of REPtIn 3 (RE = La, Ce, Pr, Nd, Sm) indides [5] . Initially the RE 3 T 4 Sn 13 stannides have intensively been studied with respect to their superconducting behavior [6, 7] . Later on, the RERuSn 3 stannides and various compositions RERuSn x (2.85 ≤ x ≤ 3.15) have been investigated with regard to the heavy fermion ground state of CeRuSn 3 and the valence fluctuation in SmRuSn 3 [8 -14] .
The composition of the samples has been studied by two groups. Fukuhara et al. [11] mentioned crystal growth experiments of Ce 3 Ru 4 Sn 13 , however, their X-ray diffraction patterns showed considerable amounts of Ru 3 Sn 7 as a by-product. The assignment of composition LaRuSn 3 was based on chemical analysis (atomic absorption spectroscopy for La and Sn; Ru just as the difference) [2] . Phase analytical work on the Nd-Ru-Sn system by Salamakha et al. [15] showed the formation of a solid solution Nd 3+x Ru 4 Sn 13−x , including both compositions as border phases. Experimental Section
Synthesis
Starting materials for the preparation of the RE 3 Ru 4 Sn 13 samples were ingots of the rare earth metals (Johnson Matthey or smart elements), ruthenium powder (DegussaHüls, ca. 200 mesh), and tin granules (Merck). In the first step, pieces of the rare earth ingots were arc-melted [21] under argon (ca. 700 mbar) to small buttons. The argon was purified before with titanium sponge (870 K), silica gel and molecular sieves. The moisture-sensitive rare earth buttons were kept in Schlenk tubes prior to the reactions. The elements were then weighed in the ideal 3 : 4 : 13 atomic ratio (the ruthenium powder was cold-pressed to a pellet of 6 mm diameter) and arc-melted. The molten product buttons were remelted three times to ensure homogeneity. The total weight loss after the melting procedures was less than 0.5 %. The polycrystalline RE 3 Ru 4 Sn 13 samples are stable in air for months. Single crystals exhibit metallic luster while ground powder is dark grey.
EDX data
Semiquantitative EDX analyses on the crystals investigated on the diffractometer were carried out by use of a Zeiss EVO R MA10 scanning electron microscope in variable pressure mode with LaB 6 , CeO 2 
X-Ray diffraction
The purity of the polycrystalline RE 3 Ru 4 Sn 13 samples was checked by Guinier powder patterns (imaging plate detector, Fujifilm BAS-1800 readout system) with CuK α1 ra- diation and α-quartz (a = 491.30 and c = 540.46 pm) as the internal standard. The cubic lattice parameters (Table 1) were obtained through least-squares refinements. The experimental patterns were compared to calculated ones [22] to ensure correct indexing. Small irregular single crystal fragments of the stannides RE 3 Ru 4 Sn 13 (RE = La, Ce, Nd) were separated from the crushed samples. They were glued to quartz fibers using bees wax and first investigated on a Buerger precession camera (white Mo radiation, Fuji-film imaging plate) in order to check the quality for intensity data collection. The data sets were collected at r. t. by use of a Stoe IPDS-II image plate system (graphite-monochromatized MoK α radiation; λ = 71.073 pm) in oscillation mode. Numerical absorption corrections were applied to the data. Details on the crystallographic data are given in Table 2 .
Structure refinements
The three diffractometer data sets showed primitive cubic lattices, and the extinction conditions were compatible with space group Pm3n, in agreement with our previous results on Ce 3 Rh 4 Sn 13 and Ce 3 Ir 4 Sn 13 [23] . The atomic parameters of Ce 3 Rh 4 Sn 13 were taken as starting values, and the structures were refined using SHELXL-97 [24] (full-matrix least-squares on F 2 ) with anisotropic atomic displacement parameters for all sites. Since there were contradictory reports on the compositions of these phases (1-1-3 ≡ 4-4-12 13 and β -Sn samples were placed within thin-walled PMMA containers at a thickness of about 10 mg Sn cm −2 . A palladium foil of 0.05 mm thickness was used to reduce the tin K X-rays concurrently emitted by this source. The measurements were conducted in the usual transmission geometry at 77 K.
Magnetic measurements
The magnetic measurement of the Ce 3 Ru 4 Sn 13 sample was carried out on a Quantum Design Physical Property Measurement System (PPMS) using the VSM option. The sample (24.173 mg) was packed in kapton foil and attached to the sample holder rod for measuring the magnetic properties in the temperature range 3 -300 K with magnetic flux densities up to 80 kOe.
Discussion

Crystal chemistry
The present single-crystal structure refinements of La 3 Ru 4 Sn 13 , Ce 3 Ru 4 Sn 13 , and Nd 3 Ru 4 Sn 13 clearly revealed that besides the RERuSn 3 series (i. e. 4-4-12) , another series of 3-4-13 compounds also exists. Herein, when quoting interatomic distances, we exemplarily discuss the Ce 3 Ru 4 Sn 13 structure. The unit cell is presented in Fig. 1 . The ruthenium atoms have trigonal prismatic tin coordination at Ru-Sn1 distances of 266 pm, close to the sum of the covalent radii [25] of 264 pm. We can therefore assume essentially covalent Ru-Sn bonding. The RuSn 6/2 trigonal prisms are condensed via common corners leading to the threedimensional network emphasized in Fig. 1 . In the structure of CeRu 4 Sn 6 [26] the monomeric units of the [Ru 4 Sn 6 ] network are strongly distorted RuSn 6/4 octahedra with a similar range of Ru-Sn distances (257 -277 pm). A slightly broader range of Ru-Sn distances was observed in the complex polyanionic [RuSn] network of CeRuSn (265 -290 pm) [16] .
The three-dimensional network of condensed prisms leaves two different kinds of cavities which are filled by the cerium (Wyckoff site 6c) and Sn2 (Wyckoff site 2a) atoms. The larger cerium atoms have coordination number 16 (12 Sn + 4 Rh), and the Sn2 atoms have CN 12 by Sn1 atoms in icosahedral arrangement. The Sn2 atoms within the Sn1 icosahedra show full occupancy, but strongly enhanced displacement parameters, indicating a rattling within the icosahedral voids. The Sn1 atoms surrounding Sn2 react on this rattling and show enhanced U 22 parameters. These structural features are similar to those of the skutterudites and have been discussed in detail in an earlier work on LaPtIn 3 [5] .
The Sn-Sn distances in the Ce 3 Ru 4 Sn 13 structure range from 302 to 334 pm. They compare well with the structure of β -Sn (4 × 302 and 2 × 318 pm) [27] . From Table 4 it is evident that the Sn2 atoms with the higher coordination number also have the longer distances. The polyhedra of the two different tin sites, Sn1 with CN 9 and Sn2 with CN 12, are presented in Fig. 2 . Due to the irregular coordination, the Sn1 atoms have low site symmetry m.., while the icosahedrally coordinated Sn2 atoms have site symmetry m3. We draw back to these site symmetries in the following chapter on 119 Sn Mössbauer spectroscopy.
Finally we comment on the course of the lattice parameters (Table 1 ) and the course of the interatomic distances ( The cerium compound shows a slight negative anomaly in the Iandelli plot [11] , indicating a tendency towards intermediate cerium valence. This is also manifested by the interatomic distances of the cerium atoms which are similar or even slightly smaller than those of the neodymium compound. 119 
Sn Mössbauer spectroscopy
The experimental and simulated 119 Sn Mössbauer spectra of Ce 3 Ru 4 Sn 13 and β -Sn samples at 77 K are presented in Fig. 3 . The spectrum of Ce 3 Ru 4 Sn 13 consists of two sub-spectra. The Sn1 atoms (Wyckoff site 24k with site symmetry m..) show an isomer shift of δ = 2.15(1) mm s −1 and substantial quadrupole splitting of ∆E Q = 1.90(1) mm s −1 , in agreement with the highly asymmetric Sn1 coordination (Fig. 2) . The experimental line width amounts to Γ = 1.13(2) mm s −1 . This quadrupole-split subspectrum is superimposed on a singlet of the Sn2 atoms (Wyckoff site 2a with site symmetry m3) with the fitting parameters δ = 2.62(5) mm s −1 and Γ = 0.9(2) mm s −1 . Due to the cubic site symmetry, no quadrupole splitting is observed for this signal. The refined intensity ratio of both signals of 90(1) : 10(1) is in good agreement with the ideal value of 92.3 : 7.7. This result indicates a similar situation as in isotypic Ce 3 Rh 4 Sn 13 [23] . 
Magnetic properties
The temperature dependence of the magnetic susceptibility [χ(T ) and χ −1 (T ) data] of Ce 3 Ru 4 Sn 13 measured in a field of 10 kOe is shown in Fig. 4 . In the temperature range of 20 -300 K we were able to fit χ −1 (T ) data using a modified Curie-Weiss law, leading to a temperature-independent term χ 0 = 1.96 × 10 −3 emu mol −1 , an effective magnetic moment 300 K range). The experimentally determined moment is smaller than the theoretical value of 2.54 µ B for a free Ce 3+ ion, indicating that only approximately 83 % of the cerium atoms are in a trivalent state. If one assumes the composition CeRuSn 3 for our sample, a strongly reduced moment of 2.02 µ B per Ce atom results. This would not be in line with the original reports [8, 9, 11] and clearly confirms the composition Ce 3 Ru 4 Sn 13 . Fig. 5 displays the magnetization isotherms of Ce 3 Ru 4 Sn 13 measured at 3, 10 and 50 K, with an applied external field between 0 and 80 kOe. A fieldinduced increase of the magnetization is observed at 3 K. The 10 K magnetization isotherm is slightly curved, and at 50 K we observe a linear dependence of the magnetization from the applied external field as expected for a paramagnetic material. The saturation magnetization of 0.57(1) µ B per Ce atom at 3 K and 80 kOe is lower than the theoretical value of 2.14 µ B per Ce atom according to g J × J.
